Abstract Self-compatibility in almond (Prunus dulcis) is attributed to the presence of the S f haplotype, allelic to and dominant over the series of S-alleles controlling selfincompatibility. Some forms of the S f haplotype, however, are phenotypically self-incompatible even though their nucleotide sequences are identical. DNA from leaves and styles from genetically diverse almond samples was cloned and sequenced and then analyzed for changes affecting S f -RNase variants. Epigenetic changes in several cytosine residues were detected in a fragment of 4,700 bp of the 5′ upstream region of all self-compatible samples of the S fRNases, differentiating them from all self-incompatible samples of S f -RNases analyzed. This is the first report of DNA methylation in a Rosaceae species and appears to be strongly associated with inactivation of the S f allele. Results facilitate an understanding of the evolution of selfcompatibility/self-incompatibility in almond and other Prunus species, and suggest novel approaches for future crop improvement.
Introduction
In almond [Prunus dulcis (Mill.) D.A.Webb syn. Prunus amygdalus (L.) Batsch], as in other Prunus species, selfincompatibility (SI) is of the gametophytic (GSI) type. Control is by a single polymorphic locus containing at least two linked genes; one specifically expressed in the pistil and the other in the pollen (Kao and Tsukamoto 2004) . Pollen tube growth is arrested in the style whenever the S haplotype expressed in the haploid pollen matches either of the two S haplotypes expressed in the diploid pistil tissue (de Nettancourt 1977) . The pistil component of SI in Rosaceae, Solanaceae and Plantaginaceae is a polymorphic glycoprotein with ribonuclease activity called S-RNase (McClure et al. 1989; Tao et al. 1997) . The candidate gene for the pollen component in almond has been identified to be an SFB (S haplotype-specific F-box protein) by Ushijima et al. (2003) , showing a tight linkage with the S-RNase gene (Ikeda et al. 2005 ).
Most almond cultivars are self-incompatible (Socias i Company 1990). The few exceptions that have been identified as self-compatible (SC) have been shown to carry a mutation at the S-locus referred to as S f . Since SC is expressed in heterozygous S f S x cultivars, the S f haplotype in pistils is considered to be dominant over that of functional S alleles (Socias i Company 1984) since self-fertilization is achieved. Fertilization will only be by S f pollen as the S x pollen will still be recognized and arrested by the pistil S xRNase. Self-pollination of S f S x genotypes will thus produce only two genotypes, S f S x and S f S f , in the progeny with no homozygous S x S x progeny (Alonso and Socias i Company 2005) . Bošković et al. (1997) showed that in almond the S alleles code for stylar proteins with RNase activity whereas S f does not. The characterization of the Prunus T2-type RNase (Igic and Kohn 2001) with five conserved domains (C1, C2, C3, RC4 and C5) and one hyper-variable region Ushijima et al. 1998 ) has allowed different S alleles to be sequenced. A comparison of the different amino acid sequences has revealed a higher degree of diversity among S alleles in almond relative to other Prunus species. Amplification of the S alleles by PCR from genomic DNA using conserved and specific primers has been widely used for S genotyping and determination of cross-incompatibility groups (López et al. 2006; Kodad et al. 2008) .
Despite the improved knowledge concerning the genetic structure of the female and male determinants of SI, the nature of their interaction remains unclear. In addition, genes and factors outside the S-locus have been shown to play important roles in the SI system in the Rosaceae, as well as the related Solanaceae and Plantaginaceae (Goldraij et al. 2006; Kodad et al. 2009; Tsukamoto et al. 2003; Vilanova et al. 2006) .
Fernández i Martí et al. (2009) reported that in almond the breakdown of SI in the S f haplotype appears to occur in the pistil. The observed S-genotype distribution for seedlings from the cross 'Vivot' × 'Blanquerna' differed significantly from the expected distribution, suggesting a modifier effects in the pistil gene (S-RNase) but not in the pollen gene (SFB). A similar model had previously been proposed by Tsukamoto et al. (2003) for a population of Petunia axillaris where breakdown of SI was due to modifier locus suppression of the S-RNases for the S 13 allele.
Pollen tube growth and fruit set studies, as well as NEpHGE analysis of S-RNase activity has recently shown that the S f phenotype in almond can also be strongly affected by genetic background, ranging from self-incompatible to fully self-compatible (Kodad et al. 2009 and Fernández i Martí et al. 2010; Socias i Company et al. 2014) . Quantitative real-time PCR analysis has revealed transcripts of S f -RNase in the style tissue of a SI cultivar ('Vivot', S 23 S f ) as well as the absence of the S f -RNase transcripts in a SC cultivar ('Blanquerna', S 8 S f ). Because of this differential transcription, the S f -RNase allele conferring SI has been designated S fa (active) (Kodad et al.2009 ), whereas the same S f -RNase allele conferring SC has been designated S fi (inactive) (Fernández i Martí et al. 2009 ). Previous sequencing confirmed that S fa and S fi were identical at the nucleotide level in the coding region (C1-C5) and in their 5′-flanking regions . Similarly, the TATA-Box and IB-like motifs did not reveal any nucleotide difference in the cis-element in the active relative to inactive S f types .
Differing phenotypic expression for the same S-genotype has been observed in other Prunus species, including Japanese plum (P. salicina Lindl.) (Watari et al. 2007; Guerra et al. 2009 ) and sweet cherry (P. avium L.) (Wünsch et al. 2010) . The 'Ambrunés', 'Duroni 3′ and 'Satonishiki' sweet cherry cultivars with the S 3 S 6 genotype are SI, whereas 'Cristobalina' with the same S 3 S 6 genotype is SC (Wünsch and Hormaza 2004) . In Japanese plum, 'Black Diamond', 'Black Gold', 'Black Star', and 'Earliqueen' possessing the Se allele are SI (Guerra 2011) while in other cultivars the Se allele is associated with SC.
The absence of any nucleotide sequence difference in the S f -RNases of the SC (S fi ) and SI (S fa ) phenotypes, suggests that either modifier genes strongly affect expression or that epigenetic changes are involved. Epigenetic changes have been shown responsible for patterns of gene silencing in eukaryotic cells without alterations in the DNA sequence (Jeanish and Bird 2003; Suzuki and Bird 2008) . Thus, the same gene sequence can be either well-expressed or transcriptionally silent (Bender 2004 ). Since Manning et al. (2006) first demonstrated that epigenetic variants in tomato were due to spontaneous yet heritable changes in the methylation of controlling genes, DNA methylation has become the most extensively studied epigenetic mechanism. Methylation of cytosine nucleotides, usually within CG dinucleotides, is the most common form of covalent DNA modification in eukaryotes (Bird 2002) . The high amount of 5-methylcytosine found in some plant species has suggested that methylation is not restricted to the CG sequence context and has led to the discovery that cytosine is also methylated in the CNG group, where N is any nucleotide (Gruenbaum et al. 1981) . Methylation of cytosine residues in promoter regions generally represses the expression of the gene (Saze 2008) . However, cytosine methylation modifications have only been reported to date in a few tree species (Bitonti et al. 2002; Fraga et al. 2002) , with no reports in almond.
The objective of this study was to determine if DNA methylation in the sequence of the S f -RNase allele, either in the 5′ flanking region containing the TATA box, the IBlike Motif or the coding region of the S f -RNase, was associated with the differential phenotypic expression of SC/SI observed in almond cultivars.
Materials and methods

Plant material
Six almond genotypes, containing both homozygotes and heterozygotes for the S f haplotype, were included for analysis (Table 1) . Genotypes were selected based on previous genetic and phenotypic characterization of S f established by pollen tube growth and field pollination studies (Socias i Company and Felipe 1999 and Fernández i Martí et al. 2009; Kodad et al. 2009 ). They consist of two traditional cultivars from the island of Majorca, Spain ('Vivot' and 'Ponç'), two releases from the CITA breeding program ('Blanquerna' and 'Soleta'), and seedlings from breeding programs of CITA (M-2-16) and CEBAS-CSIC at Murcia, Spain (A-2-199).
The S f genes analyzed could be traced back to two different origins: the Italian region of Puglia for the standard self-compatible form exemplified by the heirloom cultivar 'Tuono', and the island of Majorca where S f types showing self-incompatible phenotypes have been identified (Kodad et al. 2008; Fernández i Martí et al. 2010) .
Leaf samples of two cultivars, 'Blanquerna' and 'Vivot', were analyzed from two different locations (Zaragoza and Majorca) and during two different seasons (spring and summer) to assess the effect that environmental differences might have on methylation patterns.
DNA methylation in gene regulation
Total DNA was extracted from leaves and styles at stage D (Felipe 1977) using the CTAB method following the procedure of Doyle and Doyle (1987) . After DNA extraction, the samples were further purified with phenol/chloroform in order to reduce the amount of proteins and polysaccharides. DNA samples were then quantified by NANODROP (Thermo Scientific, Wilmington, USA) and by gel electrophoresis with a λ DNA marker (Takara, Otsu, Japan). Once DNA was extracted, it was submitted to the DNA bisulphite modification treatment 'MethylEasy', according to the manufacturer (Human Genetic Signatures, Brisbane, Australia) protocol. This kit has been designed to efficiently convert cytosine to uracil and to reduce DNA degradation and loss without decreasing the conversion of C to U residues. The converted DNA was then used for PCR amplification, cloning and sequencing.
For PCR amplification, specific primers covering a maximum length of 250 bp available in our S f -RNase upstream region were designed in this work (Fig. 1 ). Primers were designed to cover short sequences since amplification with short fragments provides more precise methylation patterns. In total, 15 different primer pairs were designed, all located in a range of 4,700 bp of the 5′ flanking region of the S f -RNase. Primer design took into account the conversion of cytosine nucleotides to uracil after bisulphite treatment and transcribed to thymine after PCR amplification. In addition to the upstream region, the first and second intron of the S f -RNase were also evaluated to determine if nucleotide methylation was present.
The thermal cycling program was as follows: an initial denaturation at 95 °C for 1 min followed by 35 cycles of 94 °C for 30 s, annealing for 30 s of 53 °C and extension at 72 °C for 1 min, ending with a 5 min extension at 72 °C. The PCR products were cloned using the pGEM-T-Easy Vector System (Promega, Madison, WI, USA).
Cloning and sequencing of the whole region of 4,700 bp in the 5′ upstream were initially performed for 'Blanquerna' and 'Vivot' and methylation changes over the whole sequence in both cultivars were carefully analyzed. Subsequently, only those samples showing a methylation change (Table 2) were used for cloning and sequencing the remaining genotypes. Five clones for each pair and genotype were additionally purified using ExoSAP-IT (USB, Cleveland, OH, USA) and sequenced using the DTCS Quick Start kit and CEQ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA, USA).
Expression analysis by real time PCR (qRT-PCR) of the stylar product
Total RNA from leaves and styles of 'Blanquerna', 'Vivot', 'Ponç' and 'Soleta' was extracted following the cold Fig. 1 Nucleotide sequence using the primer pair CIPABF4/ CIPABR4 of 'Blanquerna' showing that the sequence from pistil DNA with bisulphite treatment is the same as that of genomic DNA from pistil without bisulphite treatment with the single exception of the conversion of cytosines to thymines (black arrows). The large (red) arrow shows where the methylation of the cytosine residue appeared phenol SDS method as described by Tao et al. (1999) . One microgram of total RNA treated with DNase I (Invitrogen, Tokyo, Japan) was used for first strand cDNA synthesis by SuperScriptIII RT (Invitrogen, Tokyo, Japan). Quantitative real time PCR was performed with a LightCycler ® 480 real-time PCR system (Roche). The PCR mixture conditions were the same as that described in Fernán-dez i . Three reactions were performed for each cultivar. All reactions were compared with a SyBr Green Supermix (Roche) using the housekeeping gene Actin as an internal control. Actin transcripts were quantified using two actin-specific primers designed by Watari et al. (2007) for real-time RT-PCR analysis, qpActF (5′ CAACTGGTATTGTGCTGGATTCTG 3′) and qpActR (5′ CAGCAAGGTCAAGACGAAGGAT 3′). Final concentration was 0.5 µM for the Actin primer and 0.9 µM for the S fRNase primers. Primers and probes for S f -RNase were specifically designed by Fernández i . Melt curve analysis was performed for SYBR ® green reaction after each run to determine the specificity of the amplification of Actin. The PCR reaction was performed following the same conditions as in Fernández i .
Results and discussion
DNA methylation and sequence characterization
Fifteen specific primers were designed in the S f -RNase upstream region in order to cover a size of 4,700 bp. In this way, only short fragments for PCR amplification were obtained. From all possible combinations of primer pairs, only four gave methylated changes in the amplified fragment sequences in the test cultivars 'Blanquerna' and 'Vivot' (Table 2) , and thus were selected for cloning and sequencing in the remaining genotypes. Cloning and sequencing of the PCR products obtained confirmed that the bisulphite treatment worked properly in all DNA tested. Accordingly, the treatment was able to eliminate all C bases that were not present as 5mCs, replacing the C bases with T bases in the resulting DNA. Thus, the treatment created a nearly C-less sequence of mostly 3-base-DNA having predominantly A, G and T. In the partial sequence shown in Fig. 1 , the presence of several cytosine residues can be observed in the upstream region of genomic DNA of 'Blanquerna' obtained from pistil before the bisulphite treatment. However, after the treatment, sequencing of all clones from 'Blanquerna' showed that almost all cytosines were converted to thymines with a single exception (red arrow).
After confirming the efficacy of the treatment, every nucleotide was carefully compared between the two sequences for a length of 4,700 bp in the upstream region, as well as in the first and second intron of the S f -RNase. Among all sequences obtained, no changes were produced in the introns of the S f -RNase; however four cytosine residues were not able to be converted to thymine in the upstream region of the SC cultivars indicating the presence of methylation. Figure 2 shows the diagram of the whole sequence of the unconverted S f upstream region where the four methylation points have been identified, as well as the four primer pairs overlapping these methylated cytosines.
Five clones were obtained for each of the six genotypes analyzed (four SC and two SI) and for each portion of sequence where the methylated fragments were found. These epi-mutations were always located in the same position in all the corresponding clones. The length of the region flanked by each primer designed in this work was approximately 250 bp. The first methylated nucleotide was located 4,275 bp upstream to the start codon in all samples from leaf (Fig. 3) as well as pistil tissue (Fig. 4) . This methylated region was stable in all five clones obtained from the SC cultivar 'Blanquerna'. The other three cytosine epimutations were located 3,200, 2,400 and 650 bp upstream of the start codon.
Once the presence of several cytosine nucleotides in the sequence of the SC cultivar 'Blanquerna' was confirmed, the upstream region of 'Soleta', another SC cultivar, was analyzed. All clones from 'Soleta' revealed the same sequence as 'Blanquerna', with the cytosine changes in the same positions when using the same primer sets. In all cases, these methylated cytosines were detected in the CG and CNG forms, where the N nucleotide was adenine. The (Fig. 4) .
Analysis of the DNA samples of the SI cultivars 'Vivot' and 'Ponç' showed that all cytosine residues were converted to thymine in all the clones obtained (Fig. 3) . However, as these cultivars possess a second haplotype, either S 8 or S 23 , the conversion of the cytosine residues in the S f haplotype could have been influenced by this second haplotype. To test this possibility, genomic clones constructed from a fosmid library for the S 8 and S 23 haplotypes were used for PCR amplification with the same primer combinations as those designed for S f . After PCR amplification, no band was detected in either S 8 or S 23 , thus showing that the primers used were specific to the S f -RNase.
To confirm these results, the 5′ upstream region of two homozygous S f selections were cloned and sequenced. As expected, the genotypes sequenced showed that the four cytosine residues were located in the same position as for 'Blanquerna' and 'Soleta' in all clones obtained from each selection. These results confirmed the stability of the presence of the cytosine residues in homozygous cultivars possessing only the S f haplotype. In addition, when the experiment was done in different tissues, identical sequences and methyl-cytosine positions were obtained from both pistils and leaves. Leaf DNA retained the same methylation levels as the pistil DNA (Figs. 3 and 4) , indicating that the epi-mutation is most likely inherited through mitosis rather than being a tissue specific methylation event (Calarco et al. 2012) . It is significant that this phenomenon was observed in 'Blanquerna' and 'Soleta', whereas the two S f S f homozygotes (A2-199 and M2-16), showed different DNA methylation patterns in the four sites examined. This different behavior might be due to the origin of these homozygotes, as none is a progeny from 'Blanquerna' or 'Soleta'. Although the epi-mutations are supposed to be inheritable through generations, the manner and frequency of this transmission are unknown (for review, see Niederhuth and Schmitz 2014) . Consequently, the epigenetic modifications in the S f S f plants could have not been inherited in all the clones selected and sequenced. Long-term studies would be required to test this possibility.
In addition, samples of 'Blanquerna' and 'Vivot' collected from two different locations (Zaragoza and Majorca) and during two different seasons (spring and summer) showed no sequence differences (Fig. 5) . Consequently, cytosine methylation had not been influenced by external factors such as location or season. These results of the bisulphite treatment in samples of different locations and seasons show the stability of this modification in the plant material studied.
To verify results previously obtained by Fernández i , a RT-qPCR analysis was performed for four genotypes. As expected, transcripts of the S faRNase gene were present in the style tissue of 'Vivot' and 'Ponç', whereas qRT-PCR showed the absence of S fi -RNase transcripts in the style of SC cultivars (Fig. 6 ). In addition, no transcripts in either variant of S f -RNase were detected when using cDNA from leaves. Thus, the detected expression of the S f -RNase gene in the pistil tissue of SI genotypes indicates that this gene is probably functional but non-functional in SC types resulting in an absence of RNase.
Self-compatibility and gene silencing
The differential expression of the two S f -RNases was initially attributed to a possible mutation (Kodad et al. 2009 ) and the present results suggest that this apparent mutation could be an epigenetic change. Recent advances in our understanding of the role of methylation show it to be an important contributor to epigenetic variability (Bird 2002) . DNA methylation has frequently been reported to occur in differentiated tissues and in specific organs (Shiba et al. 2006; Gehring and Henikoff 2007) . In Brassica rapa, DNA was extracted from different tissues, such as leaves, anther tapetum, pollen and petals, and methylation levels were compared in the region of the SP11 gene responsible for pollen specificity in sporophytic SI. Methylation was found to be specific for the anther tapetum and not for other tissues (Shiba et al. 2006) . In the present study, DNA was first extracted from the pistils were S f is normally expressed. However, when DNA from leaf tissue, which is not involved in SI/SC expression was tested, the level of methylation was retained. Thus, S f methylation in almond may be considered as genotype-specific and not tissue-specific. Bisulphite sequencing allows the determination of the methylation status of every cytosine residue. This information is particularly relevant for studies of methylation in developmental processes. Using this sequencing method, it was possible to establish exact methylation patterns of the S f -RNase gene from very small amounts of genomic DNA. Cytosine methylation has been associated with gene silencing, and genes with 5-methylcytosine in their promoter region are usually transcriptionally silent (Jones and Takai 2001) . Because DNA methylation does not change the DNA sequence but only the expression level, Bender (2004) suggested that the detection of DNA methylation could be an effective approach for determining epigenetic changes when an absence of normal RNase transcripts is detected within specific tissue. Our results support this proposal since the change of DNA methylation was only found in the SC genotypes. The affected S f allele also lacked RNase activity, demonstrating that its expression is inhibited. Transcripts of S f -RNase were present in the style tissue of the SI genotypes, whereas qRT-PCR showed the absence of S f -RNase transcripts in the style of the SC genotypes, confirming previous results of Fernández i .
This inhibition also supports the importance of DNA methylation to SI in almond, suggesting that DNA methylation is involved in the normal activation/inactivation of the S f -RNase. Thus, when the S f -RNase sequence is methylated, its expression is inhibited resulting in an SC phenotype, as occurs in 'Blanquerna', 'Soleta' and the two homozygous SC selections. When S f -RNase sequences do not show methylated cytosines, the RNase remains active, resulting in a SI genotype and phenotype, as in 'Vivot' and 'Ponç'. The original S f haplotype would have been in an active form, thus conferring SI, as with other S-haplotypes. Epigenetic changes through DNA methylation resulted in loss of RNase function and so a novel SC phenotype in a in an otherwise SI species such as almond.
While the S f alleles examined were derived from two distinct Mediterranean regions, they may be identical by descent from the original pool of Mediterranean The molecular nature of the S-locus has been widely studied in almond using different approaches to better characterize the basis of SC/SI (López et al. 2006; Fernández i Martí et al. 2010; Kodad et al. 2010 ). The present results suggest that even if the S-locus confers S-specificity, epigenetic changes in the 5′-flanking region of the S f -RNase can significantly alter its expression. Thus, these findings suggest that the methylated 5′ region of the S f -RNase may be a crucial site for modifying S-RNase expression in the style. DNA methylation has previously been proposed as a regulatory factor to suppress gene expression (Jones and Takai 2001) , suggesting that these changes are not 'anomalies' but rather different aspects of the same underlying system. Such regulatory factors may have evolved as independent mechanism to control S f expression. Epigenetic modifications may thus provide novel opportunities for crop improvement, particularly in clonally propagated crops such as almond where methylations changes associated with seed propagation are avoided.
